Abstract. Corrugated-core sandwich panel, which can combine thermal insulation and bearing function, has been used in the design process of integrated thermal protection system (ITPS). This paper focuses on the heat transfer properties of Corrugated-core sandwich panel during the re-entry process under uncertain environment. The uncertainties come from material properties, geometric dimensions and thermal load environment. Interval variables are introduced to describe these uncertainties due to often only small sample information being obtained from experiment and measurement. Based on the non-probabilistic set theory, we use two interval analysis methods named interval analysis methods based on Taylor expansion and collocation interval analysis methods based on Chebyshev polynomial to observe the propagation of uncertainty in the heat transfer analysis. The results show that the existence of uncertainties has obvious effect for heat transfer analysis results. The safety of ITPS will be improved when consider the heat transfer analysis under uncertain environment.
Introduction
To transfer loads and maintain aerodynamic shape, engineers usually use heat insulation tile on the shuttle in the early stage. So it requires a relatively high density in order to ensure sufficient rigidity. However, it means a relatively high thermal conductivity, and the thickness of thermal protection system is increased. With the development of hypersonic vehicle requirements on the structure efficiency, it tends to an integrated design which combines the load-bearing function and heat insulation function. Bapanapalli [1] first proposed that the corrugated plate can be used in the thermal protection design in the year 2006. The idea is that one can fill high efficiency heat insulation material in the gap between the corrugated core sandwich panels. Then the thermal protection system implements the integrated function of bearing and heat insulation.
At present, people mainly concentrate on the preparation and selection of insulation and bearing materials [2, 3] , the improvement of integrated design scheme [4, 5] and methods for fasten coupled thermal-mechanical response analysis [6] . These studies are all based on the uncertainty of the environment. However, due to material processing conditions, measurement error, human cognition and the inherent randomness of atmospheric environment, the used material properties, structural geometry dimension and external heat are all contains some uncertainties during the process of heat transfer analysis. In a conventional design, aerospace engineers usually introduce a safety factor to deal these uncertainties [7] . This approach can be seen as a predictive model of uncertainties. Although the method substantially reduces the negative effects of uncertainties in most cases, but it does not a reasonable way to quantify and manage the uncertainties.
With increasingly stringent requirements for structural efficiency on hypersonic vehicles, researchers have learned that it is a more reasonable approach which based on uncertainty analysis and gradually introduces this method to the design of ITPS. Bharani [8] carried out a detailed uncertainty analysis for rigid insulation sandwich ITPS with considering the uncertainties of the parameters of material properties, structural geometry dimensions, loads as well as the uncertainty of the model parameters and calculation errors. By introducing agent model, the failure probability of ITPS structure can be estimated according to the results of thermal-mechanical analysis. Sunil [9] builds limit state function of back panel using a one-dimensional heat transfer model which establishes limit state function by simplifying web buckling to rod buckling. Then a structural reliability method can be developed based the relationship between the structure the weight and the structure reliability index. Villanueva [10, 11] obtains results of the possible future experiments by using Monte-Carlo simulation under the calculate error and experimental error. The structural failure probability can be updated by using Bayesian conditional probability method and then the structure can be redesigned.
The temperatures of the back panel, which is caused by heat flow through ITPS, can't exceed the material limit. So a main mode for judging failure is carrying out heat transfer analysis. One can observe the propagation of uncertainties which can ensure the security of ITPS by introducing uncertainties to the process of heat transfer analysis. In the case of sufficient sample information, a probabilistic method can be introduced to describe the uncertainties. However, due to the complexity and severity of the service environment of ITPS, one can only obtain little information about the uncertainties. In this case, it is feasible to use interval analysis method to quantify these uncertainties [12, 13] .
Problem Statement
Considering the heat transfer analysis of a cell in ITPS, the objective is to determine the temperature field of the corrugated sandwich structure which is mainly composed of the outer panel, the web, the inner panel. More importantly, we use Saffil alumina fiber as the filling insulation material. A conventional transient heat transfer analysis can be defined as
where H , S and T are the heat flow, ITPS, and the temperature respectively, and t is the time. However, it is difficult to get the accurate values of the materials' properties which used on the ITPS. So we mainly consider the influence resulted by uncertainties in materials which can be assembled in the interval vector
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h h where m is the dimension of the vector h . Then, Eq. (1)can be rewritten as
Our aim is to find the solution ( , ) T t h satisfying Eq. (2). However, the bounded sets are a very complicated region in general. In the sense of interval mathematics, the aim is to seek the lower and upper bounds of the temperature of the back panel which can be represented as ( ) [ ( ), ( )]
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Interval Analysis Method for Heat Transfer Analysis
A nominal value vector and a deviation amplitude vector can be defined as ( )/2 ( )
, respectively. Thus, the interval material properties of ITPS is decomposed into the sum of the nominal value vector and the deviation vector, as
Using the Taylor series expansion to the first order at the nominal value vector c h , we can determine the lower and upper bounds of the temperature function as follows
This method has very high computational efficiency owing to only the nominal value information being used, of course, including the derivative information. However, it usually can only be used in the case of small intervals. And the derivative information often obtained from the difference method which also brings some errors. According to the idea of curve or surface fitting, we introduce the first class Chebyshev polynomials ( ) cos( arccos ) n C x n x  to obtain a non-gradient-based approximately surface of ( , ) T t h . So, we set some Gaussian integration points in the intervals of uncertainties to improve the accuracy and reduce the computational efforts. We get
where ( ) r P x is the r-th approximately function, q is the order of expansion, s is the variable number in the vector. In fact, Eq. (5) is a first-order function. So it is convenient to get its' minimum point and maximum point. Let s varies from 1 to m , we can get the minimum and maximum points of the objective function ( , )
T t h . Let
, Then bounds of the function ( , ) T t h can be obtained from these two points as min max
Usually, Gauss quadrature formula with ten integral points is widely used in scientific calculations and can obtain high-accuracy integral results. The main computational effort of this method, which can be controlled by the number of Gaussian integration points, is to calculate the temperature values at the collocation points. It is a non-gradient-based method and can avoid the numerical errors from difference method.
Numerical Example
In the study, we use the corrugated sandwich structure as shown in Fig. 1 . And the corresponding sizes are listed in Table 1 . The used heat flux density curve is shown in Fig. 2 . The material of outer panel is Incorel718 which has good impact performance. The web's material is Ti which can bear at a high temperature. The material of inner panel is Al to have a large heat sink. And the thermal insulation material is Saffil. All the material properties are list in Table 2 . The finite element model is built using ABAQUS 6.11 which contains 39975 nodes and 36480 elements as shown in Fig. 3 . We set four different feature points to observe temperature changes in cross section as shown in Fig. 4. Fig. 5 shows the temperature distribution of the cell and Fig. 6 shows the temperature variation to time for the four different points.
In the above calculation, the values of material properties are regarded as at the midpoint listed in Table 2 . However, these values are varied in the intervals. Then we can assembly these material properties in a vector and obtain the upper and lower bounds of temperature of ITPS based on proposed interval analysis method. The lower and upper bounds of the ITPS temperature are shown in Fig. 7 and Fig. 8 respectively. The results indicate that the deterministic design is not safe enough in the case of the material properties being uncertain. 
Conclusion
The paper calculates temperature response of an ITPS with corrugated sandwich structure under transient temperature heat flux load. The materials properties are regarded as uncertain variables and described as an interval vector. The lower and upper bound of the temperature distribution can be obtained from interval analysis method. The results show that heat transfer analysis in uncertain environment can give more conservative results which can ensure the safety of hypersonic vehicles.
